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Previous transcranial magnetic stimulation (TMS) studies suggested that feedback from 28 higher to lower areas of the visual cortex is important for the access of visual information to 29 awareness. However, the influence of cortico-cortical feedback on awareness and the nature 30 of the feedback effects are not yet completely understood. In the present study, we used 31 electrical microstimulation in the visual cortex of monkeys to test the hypothesis that 32 cortico-cortical feedback plays a role in visual awareness. We investigated the interactions 33 between the primary visual cortex (V1) and area V4 by applying microstimulation in both 34 cortical areas, at various delays. We report that the monkeys detected the phosphenes 35 produced by V1 microstimulation but that subthreshold V4 microstimulation did not 36 influence V1 phosphene detection thresholds. A second experiment examined the influence 37 of V4 microstimulation on the monkeys' ability to detect the dimming of one of three 38 peripheral visual stimuli. Again, microstimulation of a group of V4 neurons failed to 39 modulate the monkeys' perception of a stimulus in their receptive field. We conclude that 40 conditions exist where microstimulation of area V4 has only a limited influence on visual 41 perception.
Introduction
47
The question of how visual awareness emerges in our brain is one of the major challenges 48 that remain to be addressed in neuroscience. There is not yet a consolidated theory of how 49 visual percepts reach awareness (Lamme, In a first experiment we applied subthreshold MS in area V4 in a task where monkeys 80 had to detect a phosphene evoked by MS of V1 neurons with overlapping receptive fields. 81 We expected that V4-MS would modulate the perception of phosphenes elicited by V1-MS.
82
To our surprise, even though feedback connections from V4 to V1 have a strength that is 83 comparable to that of those from MT to V1 (Markov et al., 2011) , we observed no effect of 84 V4-MS on the phosphene detection threshold in V1. The activity of neurons in area V4 also 85 provides a sensitive measure for where monkeys direct their attention (Cohen and Maunsell, 86 2010; Cohen and Maunsell, 2011 To estimate the phosphene detection threshold we used a yes/no-forced choice, delayed 135 saccade task (Fig. 1A) . On each trial we presented a fixation point in the center of the screen Before they could perform this task, the monkeys were trained on a very similar task, in 150 which they had to report the presence of a visual stimulus, which was flashed for 20ms on 50% of the 151 trials. The stimuli were presented at various positions on the screen and we decreased their 152 luminance as the monkeys became better in the task. Training with visual stimuli was continued untill 153 the monkeys' accuracy was higher than 80% with very dim targets. This training phase took 154 approximately 1.5 months. We then replaced the visual stimuli by MS. We interleaved blocks of 155 visual stimulation trials with blocks of V1-MS trials so that the monkeys would learn to also make 156 saccadic eye movements to the phosphene locations. We gradually reduced the number of visual 157 stimulation blocks until the monkeys reliably detected the V1 phosphenes. This transition from visual 158 to electrical stimulation was completed in 2 weeks. Once the V1 MS training was completed we 159 repeated the procedure with V4 MS. First, we presented visual stimuli with different shapes (circles, 160 ellipses and squares), colors (red, blue, green and gray) and sizes (between 3 and 6 degrees of visual 161 angle) so that the monkeys learned to make saccades to a variety of visual stimuli. This training phase 162 was completed in approximately 3 weeks. In the last phase, which took about two weeks, we 163 interleaved blocks of visual stimulation with blocks of V4-MS until the monkeys reliably detected the 164 V4 phosphenes. 165 To determine the threshold for the electrical stimulation we varied the amplitude of 166 the electrical MS using a Bayesian adaptive psychometric method called QUEST (Watson and 167 Pelli, 1983) set to determine a threshold of 80% correct. To increase the robustness of the 168 estimation we did not use every single correct or incorrect answer as input to the QUEST but 169 we introduced a counter for both correct and incorrect MS trials. Every time there was a 170 correct or incorrect MS trial, we incremented the corresponding counter. Once either of the 171 counters reached a value of two the QUEST was updated and both counters were set to 0. The average V4 threshold was 51±33µA (mean ± s.d.). We then determined the 187 phosphene detection threshold for the electrode in V1 (5 pulses). Of all trials, 50% were V1-188 MS trials and the other 50% were catch trials, without V1 microstimulation. There were 11 conditions for V1-MS trials. Ten of these conditions combined the train of pulses in V1
190
(evoking the phosphene) with V4-MS at 50% of the V4 threshold (measured at the start of 191 the session) at different stimulus-onset asynchronies (SOAs) so that V4 MS either preceded 192 or followed V1 MS. V4-MS was between -68ms and 22ms after V1-MS in steps of 10ms (" V4-193 V1" conditions). The 11th condition monitored the phosphene detection threshold in V1 194 without V4 stimulation ("V1-only" condition). The average threshold in this condition was 195 32±18µA. These 11 QUEST procedures ran in parallel, in a randomly interleaved fashion.
196
Of the catch trials, 90% were without any MS and the animal was required to make a 197 saccade to the catch dot. In the other 10% of catch trials we only stimulated V4 to 198 investigate if the V4-MS at 50% of the threshold could elicit a phosphene by itself. In these higher than 5 times the standard error across sessions were considered outliers and 213 removed from the analysis. On average, 15% of the single-session thresholds were removed. duration 100ms) at the tested V4 electrode. After the initial 300ms of fixation, we presented 240 the three bars and the background (Fig. 3A) . MS only. Thus, a PTR value of 1 means that V4 MS had no effect on V1 phosphene detection 304 thresholds, a value higher than 1 indicates that V4-MS impaired V1 phosphene detection 305 and a value lower than 1 that V4-MS facilitated V1 phosphene detection. In the example session illustrated in Figure 1D , PTR values were lower than 1 across all SOAs, indicating that 307 V4-MS produced a general decrease of the MS threshold in V1.
308
To investigate the mean influence of V4 MS on V1 phosphene thresholds, we (Fig. 2C) , 335 which indicates that monkeys made saccades to phosphenes elicited in V4 at 50% of the 336 threshold in some of the trials even though they were never rewarded for these saccades. 337 We used signal-detection theory (Green and Swets, 1966) target bars was placed in the RF of the stimulated V4 electrode (Fig. 3B) . It can be seen that 400 the staircases for the bar at the RF location in the presence and absence of V4 MS-converged 401 to a similar value of ~8.6% for the luminance decrement (Fig. 3C) . We measured the 402 dimming detection threshold condition as the average decrement for the last 10 reversals 403 ( Fig. 3D ), but did not observe a significant difference between the MS and the blank 404 condition in the example session (comparison of the last ten reversals of the staircase, p > 405 0.1, t 18 = 0.59).
406
We compared the contrast decrement detection thresholds with and without V4-MS 407 across all sessions in both monkeys (Fig. 4B) . The average thresholds for the RF-bars were 
Discussion
448
In the present study we tested the hypothesis that neuronal activity in V4 
